Electronic transport through metallic nanostructures has been of interest for many years.
In break-junction experiments where the metallic contact is elongated and thinned as the leads are mechanically pulled apart 1 , the conductance G does not vary continuously with the dimensions as expected, but changes stepwise. These jumps in the junction conductance reflect the atomistic nature and the electron-waveguide properties of the metal. A promising alternative to mechanically controlled break-junctions is controlled electromigration (EM) 2, 3 .
This technique allows reaching the ballistic regime as well 4 . In the EM process, Joule heating locally enhances the diffusivity of atoms near a preformed notch. Electrostatic and wind forces cause a directional diffusion with a net atom diffusion either along or opposite to the electric current direction, depending on which force is dominant. Primarily, atoms at grain boundaries are known to move. Consequently, the resulting gap will depend on the microstructure of the wire at the beginning of the EM process 5 . The structural characterization of the contacts is difficult since scanning electron microscopy (SEM) does not yield images with atomic resolution 6 . Transmission electron microscopy (TEM), on the other hand, is difficult to combine with in-situ preparation techniques 7 . Scanning force microscope (SFM) tips are usually not sufficiently sharp to measure the atomic structure during the formation of nm-sized gap. Therefore, electronic transport measurements are often the only possible means to obtain (indirect) information about the contact region.
In the EM process, the voltage dependence of the resistance R(V ) is expected to be constant or have a positive slope due to Joule heating. Here, we report on the observation of negative slopes in R(V ) that develop in metallic contacts thinned by electromigration under ultra-high vacuum (UHV). These negative slopes are found in different metals and for different substrates. The unusual effect may be attributed to the presence of closely spaced electrodes in parallel to the remaining metallic contact which may allow electron transport by thermal activation or tunneling. Furthermore, the influence of gas dosage, in particular O 2 , on the electromigration process is discussed.
The starting point for the electromigration thinning process requires metallic nanobridges.
We employed different techniques for sample preparation: electron-beam lithography (EBL)
with standard lift-off procedure, or shadow evaporation using either transferable Si 3+x N 4−x membranes or on-chip microstructured Si 3+x N 4−x membranes as masks. The standard liftoff procedure for EBL samples usually leaves molecular residues on the sample surface 8 .
This 'dirt' might influence EM thinning either by pinning surface diffusion or by enhancing diffusion by surfactant effects. Shadow-evaporation techniques, on the other hand, allow to prepare UHV-clean samples. The nanobridges had typical dimensions of 150 − 250 nm in width, 20 − 30 nm in thickness, and 500 − 800 nm in length, resulting in an initial resistance of 10 − 40 Ω. Details of the sample preparation methods are given in the Supplemental
Material including a sketch of the sample layout and a list of the sample details 9 .
A controlled cyclic EM thinning process in UHV was applied to the samples. For this process we record the current I as a function of applied bias voltage V and obtain R(V ) = I/V , as described in detail in Ref. 4 . Usually R(V ) displays a positive slope corresponding to a negative curvature in the corresponding I(V ) characteristic (see, e. g. Fig. 1(d) ), as expected for Joule heating of a metallic sample. The regime of moderate voltage is characterized by reversible R(V ) curves; experiments with decreasing bias within a cycle show the same R(V ) dependence as those with increasing bias. At higher voltage, structural changes of the nanobridge are usually signaled by a rapid and irreversible change of R(V ). As the nanobridge is heated, EM is enhanced due to thermal activation of atomic diffusion. In order to prevent overheating that could lead to an uncontrolled burn-through of the nanowire, the voltage is switched off as soon as the resistance change has reached a preset percentage q of the initial value. In general, the resistance increases cycle by cycle-indicating successful thinning by EM-due to the thinning of the contact, if q is set appropriately.
The thinning process in UHV usually starts with values of R(V ) that are comparable with the ones observed at ambient conditions 4 . After several cycles, in contrast to previous experiments performed in air, the observed positive slope in R(V) changes to a negative one.
The crossover from positive to negative slope occurs in some sample in a continuous fashion (see, e. g. Fig. 1(c) ), while in others it occurs rather abruptly from one cycle to the next (see, e. g. Fig 1(a) ). The resistance at which the crossover takes place varies over a range from 150 to 600 Ω. The development of a negative slope often prevents the usual cyclic electromigration-thinning process, because the criterion for finishing one EM cycle, i. e., an increase of R with respect to its initial value, can not be met at reasonable bias voltage.
However, structural changes of the forming constriction within the nanowire are signaled by a rapid upturn of R(V ) at the end of a cycle (compare Fig. 1 ). We thus modified the halting criterion of the cycle by introducing an additional criterion of a maximally allowed decrease of the resistance during one cycle. Alternatively a differential change of the resistance during consecutive values within a cycle was used to terminate the cycle. This allowed to circumvent the problem partly and enabled controlled electromigration in UHV. It has been reported that the EM process can result in clusters of Au containing only 18− 22 atoms, which show Coulomb-blockade effects 10 . One therefore might view the contact as being composed of some 'granular' material where the granularity can origin from insulating barriers or vacuum barriers. The crossover from a positive to a negative slope in resistance could then be explained by thermally activated conduction. However, granular films usually exhibit a typical sheet resistance of several MΩ that even increases on annealing 11 . Moreover, our SFM measurements do not show any indication of a granularity in the films 5 . Therefore, a granular film as cause of the negative slopes in R(V ) seems unlikely.
In the following, we will focus on a possible tunneling mechanism as the origin of the negative slopes in R(V ). Usually, tunneling contacts have resistances in the range of several tens of kΩ to GΩ. The resistances observed in most of our measurements are typically far below the inverse conductance quantum G −1 0 ≈ 13 kΩ,i.e. the order of magnitude for a single-atom contact. This means that the metallic contact must still be partly connected, or/and that tunneling is effective over a large area. The proposed model, assuming the presence of tunneling in parallel to a metallic contact, is in agreement with our studies on the morphology changes occurring during EM 5, 12 . We found that the initial grain size (≈ several tens of nm) remains constant during the process and a narrow slit is formed 5 . In contrast, recrystallization accompanied by the formation of a large gap where tunneling might be excluded has been observed in recent TEM studies of which is in contrast to our SFM studies of pure Au samples 5 .
In the following we discuss the effect of an applied voltage on the tunneling resistance.
We assume that the properties of the tunneling contribution to the total conductance can be described by a tunnel barrier with an effective area A and thickness d. The I(V ) characteristics of such a barrier can be approximated by 17,18 derived: With increasing bias, the voltage dependence of the tunneling current deviates from the behavior described before, as seen in Fig. 2(c) for V ≥ 0.6 V, and can be explained by
Fowler-Nordheim (FN) tunneling [21] [22] [23] [24] :
Here A is the total field-emitting area and µ = 5.53 eV is the Fermi level of gold 25 . E = V /αkR is the electric field for an applied bias V and a spherical shaped emitting area with a radius R. The electric field includes α as a correction factor to account for image charges and a field reduction factor k (Ref. 22 and 23) . α and k are dimensionless. To compare our data to the Fowler-Nordheim description, we plot ln(I/V 2 ) versus 1/V in Fig. 2(d) . (3)). Nevertheless the A values fall in a reasonable range considering our sample geometry. When field emission sets in, material can erode from the emitter leading to melting or sublimation of material at the anode due to the bombardment by accelerated electrons.
This can lead to an uncontrolled increase of the vacuum barrier, which is unfavorable for the control of electromigration. We found one example that shows two different slopes of ln(I/V 2 ) versus 1/V , which might signal such an instability. We investigated its evolution by analyzing neighboring cycles as shown in the Supplemental Material (Appendix F, Fig. S6 ) 9 .
From these results, we ascribe sudden uncontrolled changes of R(V ) mostly to a change of the contact due to field emission. Hence, we tried to avoid the field-emission regime, although it was shown that nanogaps can also be realized by field-emission-induced EM 26, 27 .
Additionally, in field-induced electron transmission between macroscopic islands, Gundlach oscillations may occur if the bias voltage exceeds the work function of the sample [28] [29] [30] .
Although oscillatory behavior has been observed in some cycles (see for example Also humid air is known to have an influence on EM since water is a dielectric. Moisture in copper dual-damascene interconnects of electronic devices, for example, leads to an enhanced failure probability of the device due to EM 34 . To test if negative slopes in R(V ),
i.e., tunneling occur more frequently under UHV compared to ambient conditions, we have conducted experiments under gas dosage. Three samples were electromigrated in an oxygen atmosphere of 500 Pa. The samples were thinned up to 450 Ω before the resistance jumped to values larger than 60 kΩ. One of these samples showed no negative R(V ) slopes. The other two showed only one electromigration cycle with a negative slope that was no longer observed in the further electromigration cycles. Such experiments indicate that oxygen partly inhibits the development of negative slopes. However, the contacts broke unusually early in the thinning process, therefore we conclude that oxygen also impedes controlled thinning of the contacts. The possible effect of gas dosage in samples that had already revealed negative R(V ) slopes was also investigated. For Ar, N 2 and O 2 with pressures between 10 −6 and 10 −2 Pa no significant effect, i.e., no difference in R(V ) compared to the UHV EM process, was observed. H 2 showed no effect up to 10 −4 Pa. In some samples an effect was noticeable for H 2 pressure above 10 −3 Pa. However, the change occurred after 1 − 10 min and no preferred tendency to either increasing or decreasing R(V ) slopes was detected. Thus, the presence of H 2 cannot explain the systematic development of negative slopes in the R(V ) data.
In summary, we find that in UHV experiments the nanocontacts become sufficiently small that negative slopes in R(V ) appear. After comparing our data to phenomenological models, we tentatively attribute this behavior with tunneling in parallel to the ballistic transport through the nanocontact, rather than to thermal activation. Not only the negative slope in R(V ) but also the evidence of the transition from direct to Fowler-Nordheim tunneling supports the idea of tunneling contacts in our samples. The appearance of negative slopes in R(V ) is partly inhibited by oxygen dosage, but the presence of O 2 also leads apparently to a greater probability of breakage in the process. Most importantly, the possible observation of tunneling, i.e., the formation of tunneling contacts, indicates that very small gaps in the nanobridge can be formed in vacuum on a routine basis, which supports that this technique is promising to provide contacts for molecular electronics.
We thank C. Sürgers for stimulating discussions and help with the experiment, and R. 
